Abstract Hyperhomocysteinemia is a frequent risk factor for deep-vein thrombosis. A common mutation (C677T) in the gene encoding for methylenetetrahydrofolate reductase (MTHFR) is responsible, in the homozygous state, for decreased enzyme activity and mild hyperhomocysteinemia and is associated with increased risk for cardiovascular disease. We studied the prevalence of C677T MTHFR in 77 patients with deep-vein thrombosis and in 154 age-and sex-matched healthy control subjects. In the same individuals, we also evaluated the frequency of the coexistence of C677T MTHFR with mutant factor V:Q 506 , a common risk factor for deep-vein thrombosis. Sixteen patients (20.8%) and 35 control subjects (22.7%) were homozygous for the C677T MTHFR mutation (odds ratio [OR]=0.8, 95% confidence interval [CI]=0.4-2.0). Sixteen patients (20.8%) and 4 control subjects (2.6%) had factor V:Q 506 ; of them, 10 patients and 3 control subjects had isolated factor V:Q 506 (adjusted OR=6.3, 95% CI=1.6-25.3) and 6 patients and 1 control subject also had C677T MTHFR (adjusted OR=17.3, 95% CI=2.0-152.9). The OR for the coexistence of the two mutations was 65% to 75% higher than the expected joint effect calculated by either an additive (OR=6.0) or multiplicative(OR=4.4) model . The homozygous C677T mutation of MTHFR per se is not a risk factor for deep-vein thrombosis but increases the risk associated with factor V:Q 506 . Due to the high prevalence of C677T MTHFR, it is likely that previous studies, which did not look for this mutation, overestimated the relative risk of thrombosis associated with factor V:Q 506 alone.
Introduction
Thrombophilia is a tendency to venous thromboembolism that can be acquired or determined genetically. 1 In the last few years, the previously held concept that inherited thrombophilia is due to alterations of a single gene has been challenged. It is now accepted that in thrombophilia multiple gene defects often coexist, with the clinical penetrance of the syndrome being a function of the number of defects present in an individual. This has been shown for patients with inherited deficiencies of antithrombin, protein C, or protein S, 2 3 4 whose risk of developing thrombotic manifestations is enhanced when there is coexistence of mutant factor V:Q 506 . Mutant factor V:Q 506 is responsible for resistance to activated protein C, 5 6 is highly prevalent in populations of European descent (up to about 15%), and is the most common cause of inherited thrombophilia. 7 We previously showed that hyperhomocysteinemia is associated with an increased risk for venous thrombosis in the young, 8 which was subsequently confirmed. 9 Later, it was demonstrated in patients who had suffered either recurrent 10 or first episodes of venous thrombosis. 11 Hyperhomocysteinemia may be caused by genetic abnormalities in either the transsulfuration pathway or the remethylation of homocysteine to methionine. 12 13 In addition, acquired conditions such as vitamin B 12 or folate deficiency can also lead to hyperhomocysteinemia. 12 13 Although we showed that in about half of the patients the hyperhomocysteinemia was inherited, 8 we still have no direct demonstration of the association between gene defects causing hyperhomocysteinemia and venous thrombosis. In addition, it is unknown whether the association between hyperhomocysteinemia and other genetic risk factors for venous thrombosis increases the thrombotic risk.
A relatively common thermolabile variant of the enzyme MTHFR has been reported. 14 MTHFR synthesizes 5-methyltetrahydrofolate, the methyl donor in the conversion of homocysteine to methionine. The molecular basis of thermolability of MTHFR has recently been elucidated and is due to the C-to-T substitution at nucleotide 677 (C677T), which converts the codon for alanine to valine. 15 The thermolabile MTHFR has approximately 50% of the normal enzyme activity, and homozygosity for this mutation is associated with mild hyperhomocysteinemia and increased risk for cardiovascular disease. 16 In this study, the prevalence of the C677T mutation of MTHFR in patients with DVT was evaluated. We also examined whether the thrombotic risk that is associated with the presence of factor V:Q 506 is modified by the coexistence of mutant MTHFR.
Methods
Seventy-seven consecutive patients, referred to our center between April 1995 and January 1996 to be screened for thrombophilic states because of previous episodes of DVT of the lower limb were enrolled in the study (Table 1 ). All diagnoses of DVT had been confirmed by phlebography or compression ultrasonography. Twenty-five patients also had pulmonary emboli, which were diagnosed by perfusion/ventilation scintigraphy or pulmonary angiography. One hundred fifty-four control subjects (M/F 70/84; median age 43 years, range 16 to 74 years) were chosen from the same geographical area and with the same cultural background as the study population. Previous episodes of venous thromboembolism and arterial occlusive disease were excluded for all control subjects by a structured questionnaire validated for retrospective diagnosis of thrombosis. 17 No subject had abnormal liver or renal function or overt autoimmune or neoplastic diseases. All subjects gave their informed consent to the study. After an overnight fast, venous blood samples were drawn at about 9 am into vacuum tubes containing 3.8% trisodium citrate (for coagulation measurements), EDTA (for measurement of homocysteine and extractions of leukocyte DNA), or no anticoagulant (for measurements of anticardiolipin antibodies, folates, and vitamin B 12 ). l-Methionine (3.8 g/m 2 body surface area) was then administered orally in about 200 mL of fruit juice. Four hours later, a second blood sample was drawn for plasma homocysteine assay. 8 To detect the C677T mutation in the MTHFR gene, the polymerase chain reaction was performed as described by Frosst et al 15 on DNA extracted from peripheral leukocytes, followed by HinfI restriction enzyme analysis. DNA analysis for G1691A substitution in coagulation factor V gene, responsible for factor V:Q 506 , was carried out as described by de Ronde and Bertina. 18 Total homocysteine levels were measured by high-performance liquid chromatography and fluorometric detection. 19 Hyperhomocysteinemia was diagnosed when fasting plasma homocysteine or post-methionine-load absolute increments above fasting levels exceeded the 95th percentile of distribution values in control subjects. Serum folates and vitamin B 12 were measured by radioimmunoassay (Becton Dickinson).
Number
Resistance to activated protein C, antithrombin, protein C, and total and free protein S were measured as described. 20 Antiphospholipid antibodies were diagnosed when lupus anticoagulant and/or anticardiolipin antibodies were present. The lupus anticoagulant was diagnosed according to the criteria issued by the Scientific and Standardisation Committee (SSC) of the International Society on Thrombosis and Haemostasis, 21 and the presence of anticardiolipin antibodies was defined as IgG titers above 10 U, confirmed at least once after 8 weeks. 22 
Statistical Analysis
Continuous variables are presented as mean±SD. In univariate analyses, the Student t test was used to compare means; log transformation of the data was performed if necessary to obtain normalization. Pearson correlation coefficients were calculated to determine the association between folate and vitamin B 12 levels, both basal and after an oral methionine load. Odds ratios (OR) and 95% CIs were calculated as a measure of the association between the DVT and the MTHFR and factor V:Q 506 genotypes. Logistic regression was used to adjust the data for possible confounding factors.
Results
The mean (±SD) levels of fasting plasma homocysteine were 12.3±9.2 µmol/L for patients and 10.9±6.3 µmol/L for control subjects (not significant [NS] ). The absolute increments of plasma homocysteine levels after the methionine load were 16.2±7.1 µmol/L for patients and 14.9±7.1 µmol/L for control subjects (NS). The 95th percentiles of fasting homocysteine levels and postload increments in control subjects were 19.5 µmol/L and 30.2 µmol/L. Of the 77 patients, 7 (9.1%) had fasting homocysteine levels and 4 (5.2%) had postload increments above the 95th percentile compared with 7 (4.5%) and 6 (3.9%) of 154 control subjects. Of these, 2 patients (2.6%) and 2 control subjects (1.3%) had both fasting levels and postload increments of homocysteine above the 95th percentile. The mean (±SD) serum concentration of folates and vitamin B 12 was 5.4±2.7 ng/mL and 429±187 pg/mL for patients versus 6.1±2.7 ng/mL and 412±168 pg/mL for control subjects (NS).
The prevalence of the homozygous C677T mutation in the MTHFR gene (+/+ genotype) was similar for patients (n=16; 20.8%) and control subjects (n=35; 22.7%) ( Table 2 ) . Individuals with the +/+ genotype had higher plasma homocysteine levels and postload increments than individuals with the +/-or -/-genotypes (Table 3 ) ; there was no statistically significant difference in fasting homocysteine levels or postload increments between individuals with the +/-and -/-genotypes (Table 3 ). For the above reasons, the +/-and -/-genotypes were combined in the subsequent analyses. The fasting homocysteine levels were inversely correlated with folate concentration for control subjects (r=-. 25 Of the 77 patients, 4 (5.2%) had antithrombin deficiency, 2 (2.6%) had protein C deficiency, 1 (1.3%) had protein S deficiency, and 16 (20.8%) had factor V:Q 506 . In the control group, 1 (0.6%) had antithrombin deficiency, none had protein C deficiency, 2 (1.3%) had protein S deficiency, and 4 (2.6%) had the factor V:Q 506 mutation. Due to the high frequencies of homozygous mutant MTHFR (which is responsible for mild hyperhomocysteinemia) and mutant factor V, we calculated prevalences and ORs for thrombosis in individuals with both mutations or either one in relation to individuals with neither. Table 4 shows that the presence of the factor V mutation alone was associated with an OR of 7.6 and that the OR for the coexistence of the two mutations was 13.7. A similar relationship (OR of 6.3 versus 17.3) persisted after adjustment for quartiles of folate and vitamin B 12 serum concentrations ( Table 4 ). The OR for the coexistence of the two mutations was 65% to 75% higher than the expected joint effect calculated by either an additive (OR=6.0) or multiplicative (OR=4.4) model. The interaction between factor V:Q 506 and mutant MTHFR was particularly evident in patients who developed spontaneous episodes of DVT, ie, those with no obvious association with circumstantial risk factors such as surgery, trauma/immobilization, pregnancy/puerperium, and oral contraceptive intake ( 1 Genotypes -/-and +/-combined. 2 Adjusted for quartiles of folate (0 to 4.2, 4.3 to 5.3, 5.4 to 7.9, and >7.9 ng/mL) and quartiles of vitamin B 12 (0 to 301, 302 to 383, 384 to 499, and >499 pg/mL) serum levels. 
Discussion
In 77 patients with DVT, we found a high percentage of patients who were homozygous for the C677T mutation in the MTHFR gene, which is responsible for the thermolabile variant of the enzyme and is associated with mild hyperhomocysteinemia. However, the same high prevalence of about 20% was also found in 154 healthy control subjects. Since the prevalence in control subjects is higher than that previously found in French Canadian (12%), 15 Dutch (5%), 16 and Australian 23 healthy individuals, we considered the possibility that our control group had been inappropriately selected. However, three lines of evidence are against this possibility: (1) control subjects that were matched with cases for sex, age, and cultural background were chosen from the same geographical area in Northern Italy as the study population; (2) we carefully ruled out that they had had previous episodes not only of venous thrombosis but also of arterial occlusive disease, for which the C677T MTHFR mutation is a risk factor 16 ; and (3), the prevalence of factor V:Q 506 , a common risk factor for DVT, was of the same magnitude as that previously found in healthy Italian individuals. 24 Therefore, our data indicate that the homozygous C677T mutation in the MTHFR gene is very common in Northern Italy and that the mutation cannot be considered per se a risk factor for DVT.
The mean homocysteine levels in plasma from individuals who were homozygous for the C677T mutation in the MTHFR gene were significantly higher than in heterozygotes or subjects with the normal genotype. In contrast with a recent study, 25 we found that both fasting homocysteine levels and postload increments were high in homozygotes for MTHFR mutation, indicating that the methionine loading test explores not only the transsulfuration pathway but also the remethylation pathway of homocysteine metabolism. 26 Since homozygosity for the C677T mutation of MTHFR is associated with hyperhomocysteinemia, which is a risk factor for venous thrombosis, its lack of association with DVT is surprising and hard to interpret. Perhaps the very mild increase in homocysteine levels associated with homozygosity for C677T MTHFR is not sufficient per se to predispose to DVT. Indeed, it has been demonstrated that the risk of DVT does not change with homocysteine levels up to 22 µmol/L, above which it sharply increases, indicating a threshold effect of homocysteine rather than a continuous dose-response relation. 11 On the other hand, our finding that homozygosity for the C677T mutation of MTHFR increases the thrombotic risk for patients with factor V:Q 506 suggests that lower levels of plasma homocysteine may be sufficient to synergize with other congenital or acquired risk factors for thrombosis.
This study evaluates the effects of the combination of homozygous C677T MTHFR and factor V:Q 506 . Previously, the combined effects of hyperhomocysteinemia and factor V:Q 506 were evaluated. A study of patients who had had a first episode of venous thrombosis was inconclusive, since the small number of subjects with both defects made the results statistically unstable and sensitive to the cutoff chosen for hyperhomocysteinemia. 11 On the other hand, the study by Mandel et al 27 showed that patients with the coexistence of severe hyperhomocysteinemia due to homozygous homocystinuria and factor V:Q 506 have a higher risk of thrombosis than patients with homozygous homocystinuria alone. Our results extend the observation by these authors, indicating that patients with factor V:Q 506 combined with the very mild hyperhomocysteinemia that is associated with the common C677T mutation of MTHFR are at higher risk of DVT than patients with either defect alone. The synergistic effect of factor V:Q 506 and mutant MTHFR was particularly evident in patients who had spontaneous DVT; in contrast, factor V:Q 506 , either alone or in combination with mutant MTHFR, did not increase the risk for DVT secondary to trauma or surgery. Due to the high frequency of the C677T mutation of MTHFR in the population (5% to 22%), it is likely that previous epidemiological studies, which did not look for this mutation, overestimated the relative risk of thrombosis associated with factor V:Q 506 ; the extent of this overestimation would be inversely correlated with the prevalence of the MTHFR mutation in the general population.
In conclusion, our study further supports the hypothesis that inherited thrombophilia is a multigene disorder, in which the likelihood to develop a thrombotic episode increases with the number of genetic risk factors present in a subject. Since the C677T mutation of MTHFR increases the risk of DVT for patients with factor V:Q 506 and is very common, it should be searched for in patients with other genetic risk factors for thrombosis. The possibility of decreasing the thrombotic risk in affected patients by supplementation with folate is possible and should be tested in properly designed clinical trials.
